Background
It has been nearly 15 years since the effectiveness of intravenous lipid emulsion in resuscitation from bupivacaine-induced cardiac arrest was reported by Weinberg et al. [1] . Despite the outstanding novelty and originality of this finding, it was not until a 2006 case report of a patient resuscitated with lipid emulsion after bupivacaine-induced refractory dysrhythmia and cardiac arrest that its clinical effectiveness was acknowledged [2] . This event was followed by a large number of case reports that showed the effectiveness of lipid emulsion for treating the central nervous system as well as cardiac toxicity induced by various kinds of local anesthetics [3] [4] [5] [6] [7] [8] . Treatment with intravenous lipid emulsion has been incorporated into practice advisories of the Association of Anesthesiologists of Great Britain and Ireland, 1 the American Society of Regional Anesthesia and Pain Medicine [9] , and endorsed by the American Heart Association Advanced Cardiac Life Support (ACLS) guidelines [10] (Table 1) .
In response to widespread interest, numerous studies have been undertaken using various animal models [8] .
Notably, most of the animal experiments have been focused on examining the effect of lipid on local anesthetic-induced cardiac toxicity, not central nervous system toxicity, probably because of the primary concern of resuscitation and the entirely different animal models required for studying these two types of toxicity. Animals under mechanical ventilation with oxygen are needed to examine the effect of lipid emulsion on cardiac toxicity of local anesthetics while eliminating the influence of hypoxia induced by sedation and convulsions preceding circulatory collapse [11] [12] [13] [14] . In contrast, awake, spontaneously breathing animals are needed to observe its effect on the central nervous system toxicity [15] . Randomized clinical trials are no longer ethically defensible for studying local anesthetic toxicity. Moreover, clinical data from healthy volunteers given nontoxic doses of bupivacaine would not precisely reflect the condition at the onset of the toxic effects [16] .
Mechanism
The primary objective of these animal studies was to elucidate the mechanisms of reversal of the toxic effects of local anesthetics, apart from merely examining the effect of lipid emulsion on their toxicity [11] [12] [13] [14] [15] . Two distinct effects, partitioning and enhanced metabolism, have been suggested as possible mechanisms of the antidote effect of lipid emulsion, although the effects are complicated and cannot be explained simply [8] .
Regarding partitioning, the early evidence favored an especially important role for the so-called ''lipid sink,'' the creation of an intravascular lipid compartment that sequesters bupivacaine from the plasma phase and allows its effective plasma concentration to decrease; this is the most plausible explanation for its effectiveness on both the central nervous system and cardiac toxicity of local anesthetics. The lipid sink hypothesis is also supported by the findings that the brain does not metabolize fatty acids as an energy source and that lipid emulsion reverses the toxicity caused by an array of agents lacking a common mechanism, site of action, chemical structure, or clinical effect [8, 17] .
A long time after Weinberg's first report [1] showing a decrease of free bupivacaine in plasma after mixing with lipid emulsion, French et al. [18] revealed that adding lipid emulsion to human serum decreased the drug concentration in the aqueous layer in a manner dependent on the aqueous/ lipid partition coefficient. Lipid emulsion also substantially reduced methemoglobin production caused by the three most lipid soluble drugs tested, but not by the other less lipid soluble ones in vitro [19] . Recently, enhanced decrease of the concentration of bupivacaine in multiple organs including the brain and heart by lipid emulsion was shown in rats and in a physiologically based pharmacokinetic model [13, 20] . Taken together, these studies support the role of partitioning in lipid resuscitation in treating bupivacaine toxicity and overdose of other lipophilic drugs. Lipid flux is also a possible explanation of the effect of lipid emulsion from the aspect of metabolism [21] . Lipid emulsion offsets the potent inhibition of fatty acid metabolism by bupivacaine and improves energy supply to cardiac muscles [8, 12] .
Use of adrenaline in resuscitation for local anesthetic overdose
Adrenaline has been extensively used for resuscitation of patients with bradycardia, pulseless ventricular tachycardia, and asystole, and its use is also recommended in the ACLS protocol. On the other hand, local anestheticinduced dysrhythmia and asystole are resistant to treatment with adrenaline [2, 3, 5] . Notably, recovery of cardiac function after starting infusion of lipid emulsion without adrenaline has also been reported [4] . Moreover, a single dose of adrenaline at C10 lg/kg significantly impaired the efficacy of lipid resuscitation despite a rapid increase of rate pressure product early in the resuscitation [11] . Adding adrenaline to lipid emulsion induced ventricular tachycardia and did not improve recovery time from bupivacaineinduced asystole in an isolated rat heart [22] . Lipid emulsion was also superior to vasopressin for resuscitation of bupivacaine-induced cardiac arrest in a rat model [14] . These findings could have probably resulted from the different causes of cardiovascular collapse in local anesthetic systemic toxicity compared with other more common causes of cardiac arrest, such as myocardial ischemia. Removal of local anesthetics from cardiac tissue is most effective and crucially important for treating local anesthetic-induced toxicity. An increase of peripheral vascular resistance with potent vasopressors may impair cardiac output and impede resuscitation. According to the checklist for treatment of local anesthetic systemic toxicity by the American Society of Regional Anesthesia and Pain Medicine [9] , individual doses of adrenaline should be less than 1 lg/kg.
Use of lipid emulsion in pediatric patients
Lipid emulsion has been licensed for pediatric use as parenteral nutrition for more than 20 years and has an excellent safety profile, albeit at infused doses much lower than those recommended for resuscitation from drug toxicity. Its effectiveness in treating toxic effects of various agents including local anesthetics and psychomotor agents in children as well as in adults have been reported [17] . Although a paucity of data prevents determination of the adequate dose of lipid emulsion in children, B10 ml/kg has been used for resuscitation in most cases, which is comparable with that reported in adults [5, 8, 17, 23] . Further studies on the pharmacokinetics and toxicity of local anesthetics in children will provide new information on the use of lipid emulsion.
The recommended maximum doses of lipid emulsion are 10 and 12 ml/kg, according to the American Society of Regional Anesthesia and Pain Medicine [9] and the [8, 17] . However, these values should not be regarded as absolute upper limits, and infusion of lipid emulsion should be continued in the presence of refractory dysrhythmias and circulatory collapse, as cases of both adults and children requiring lipid emulsion at [15 ml/kg for successful complication-free resuscitation from drug-induced cardiac arrest have been reported [2, 24] .
Adverse effects
Only a few adverse effects have been reported among a large number of cases of resuscitation by lipid emulsion. Levine et al. [23] reported hypertriglyceridemia and pancreatitis in a 13-year-old girl after resuscitation from cardiovascular collapse induced by amitriptyline, with 20 % lipid emulsion given as a 1.5 ml/kg bolus and 0.25 ml/kg/min infusion for 30 min. A remarkable increase of serum triglyceride and lipase levels was detected after resuscitation, resulting in a prolonged hospital stay. Sirianni et al. [25] reported acute lung injury, requiring mechanical ventilation for more than 2 weeks in a 17-year-old girl who was resuscitated from cardiovascular collapse, after intentional ingestion of an overdose of bupropion and lamotrigine, by a single 100-ml bolus of 20 % lipid emulsion, although causal relationship between prolonged hypotension and the lung injury cannot be completely ruled out. Although reported so far only in animal experiments, generalized mottling of the skin following lipid infusion, consistent with complement activation-related pseudoallergy, has also been seen in pigs [26] .
In conclusion, intravenous lipid emulsion is effective for treating toxicity caused by various lipophilic agents including local anesthetics. Although the detailed mechanism is not clear, a lipid sink appears to play an important role in its effectiveness as an antidote.
